Caulobacter crescentus has one of the simplest known developmental programs that exhibits both temporal and spatial organization. A hallmark of the Caulobacter cell cycle is that the progeny cells that result from each cell division differ from one another with respect to structure and developmental program. The process of establishing asymmetry prior to cell division requires that a number of gene products be targeted to a pole of the predivisional cell and consequently segregated to one of the two progeny. Several products involved in flagellar biogenesis and the chemotaxis machinery are segregated to the swarmer cell. Evidence suggests that the protein product of somefla and che genes is targeted to the incipient swarmer cell pole. In the case of other flagellar genes, it is the mRNA that is apparently segregated to the swarmer cell. Two heat shock proteins, D naK and Lon are specifically segregated to the progeny stalked cell.
Introduction
C au lobacter crescentus, a Gram-negative bacterium, has one of the simplest known developmental programs that exhibits both temporal and spatial organization. A hallmark of the C au lobacter cell cycle is that the progeny cells that result from each cell division differ from one another with respect to structure, developmental program, and the initiation of DNA replication (Fig. 1) . The binary fission that yields dissimilar progeny results from asymmetry generated in the parent cell. An aspect of this fundamental developmental event is the temporally-controlled biogen esis of a flagellum and the chemotaxis machinery at one pole of the predivisional cell. The formation of the flagellum and the chemotaxis apparatus requires the expression of over 40 genes. A large number of these genes are ordered in a trans-acting regulatory hierarchy and their gene products are targeted to specific sites in the cell. The identification of specific flagellar and chemotaxis proteins and the mapping and isolation of the genes encoding these proteins, has allowed an analysis of how genetic information is translated into spatial organization during the cell differentiation process. (Osley et al. 1977; Agabian et al. 1979; Ohta et al. 1985; Loewy et al. 1987; Hahnenberger & Shapiro, 1988) and chemotaxis functions (Gomes & Shapiro, 1984) is diagrammed below the cell cycle. Each box represents the duration of expression of the indicated gene.
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this figure the stages of chromosome replication within each cell type are shown. The motile swarmer cell has a single polar flagellum. After approximately one-third of the cell cycle, the flagellum is released from the cell. The formation of a stalk is then initiated at the site previously occupied by the flagellum, and chromosome replication begins (Degnan & Newton, 1972; Dingwall & Shapiro, 1988) . As the stalked cell enlarges, the replication of the chromosome is completed and a new flagellum is assembled at the pole opposite the stalk, forming the predivisional cell.
The time of synthesis of several flagellar and chemotaxis proteins is shown diagrammatically below the cell cycle in Fig. 1 . The localization of flagellar proteins to one cell pole is an accessible feature of the polarity established in the predivisional cell. Another is the polar distribution of the proteins involved in chemosensory transduction (Shaw ei al. 1983; Gomes & Shapiro, 1984; Nathan et al. 1986 ). These are the membrane methyl-accepting chemotaxis proteins (MCPs), and the soluble methytransferases (which methylate the MCPs) and methylesterases (which cleave carboxyl-methylesters). The activities of all three proteins are present only in the predivisional cell and one of the progeny cells: the flagellum-bearing swarmer cell (Gomes & Shapiro, 1984) . Cell division yields a swarmer cell and a stalked cell. The swarmer cell is unable to initiate the replication of its chromosome until a third of the cell cycle has passed and it has shed its flagellum. The stalked cell resulting from cell division is able to initiate DNA replication and behaves like a stem cell, continually forming a 'swarmer' cell pole that yields a new swarmer cell and an 'old' stalked cell upon binary fission. Cell division thus produces two cells that have different programs of temporally-regulated gene expression and DNA replication.
The molecular mechanisms that activate DNA replication in the stalked cell and delay replication in the swarmer cell are not known. It may be that the origin of DNA replication is somehow masked or changed in the swarmer cell and is thus inaccessable to enzymes of the replication machinery. If this is so, then a putative change at the origin of the swarmer cell chromosome must be reversible because once the swarmer cell has shed its flagellum and has grown a stalk ( Fig. 1) , replication of the chromosome can again be initiated. If the chromosome has an active role in this process, then a reversible asymmetry is built into the newly replicated chromosome and, as discussed below, could dictate further spatial constraints on differentially expressed gene products.
On the other hand, it may be that the swarmer cell lacks the proteins required for DNA replication and that the chromosomal origin plays a passive role in the process. In this case, the temporal and spatial regulation of the synthesis of the replication proteins would be under cell cycle control. A subset of the DNA replication proteins could be synthesized just prior to use and then targeted to the stalked cell progeny, allowing the initiation of DNA replication in that cell. There is precedence for proteins synthesized in the predivisional cell being segregated to either the swarmer cell (in the case of the flagellar and chemotaxis proteins) or to the stalked cell (in the case of two heat shock proteins, DnaK and Lon). The critical question is: what are the mechanisms that target some proteins to the stalked cell and others to the swarmer cell?
Flagellar biogenesis
A schematic drawing of the C. crescentus flagellum is shown in Fig. 2 . It is composed of three sub-assemblies which include a transmembrane basal body (Stallmeyer et al. 1988 ), a flexible hook (Wagenknecht et al. 1981 ) and a filament (Weissborn et al. 1982; Koyasu et al. 1981) . This basic structure is conserved in all bacteria that have been studied. Variation exists in the number of rings in the basal body; for example, the C. crescentus basal body has five rings, the L , P, E, S and M rings, threaded on a rod, while the E scherichia coli and S alm onella basal body has four rings. Variation also exists in the number of types of flagellin monomers that make up the filament. The E . coli flagellar filament is composed of a single flagellin, whereas the C. crescentus flagellar filament is arranged in an ordered structure composed of three different flagellin subunits (Weissborn et al. 1982; Koyasu et al. 1981; Driks & Bryan, unpublished) . In C. crescentus, the single flagellum is located at the pole of the cell opposite the stalk and therefore mechanisms must exist to 'mark' the site of assembly. Furthermore, the flagellum is assembled at a specific time in the cell cycle, just prior to cell division.
In order to begin a study of the mechanisms that dictate the localization of the newly synthesized flagellum to a particular site on the cell, the genes required for Fig. 2 . A diagram of the C. crescentus flagellum. The genes encoding the protein components of the hook (Ohta et al. 1985) , filament (Ely et al. 1984 ) and chemotaxis functions (Ely et al. 1986 ) are shown at the right. The genes involved in basal body formation (Hahnenberger & Shapiro, 1987) are shown on the left. flagellar assembly had to be identified. Over 90 fla~ mutants were mapped to 32 genetic loci (Johnson & Ely, 1979; Ely et al. 1984) . Due to the joint efforts of several laboratories, including those of Newton, Ely, Agabian, and our own, about 29 of these genes have now been cloned and, to date, 13 have been sequenced. However, the protein products of only a few of these genes have been identified and purified. These include the three flagellins and the hook protein. These proteins and the genes that encode them are indicated in the diagram of the flagellum shown in Fig. 2 . Antibodies raised against these proteins have been used to follow the time course of their synthesis and their spatial distribution in the cell. The time of synthesis of each of these proteins as a function of the cell cycle is shown in Fig. 1 . (In the case of the genes involved in basal body formation, the expression of the fla D and flb N genes was measured in synchronized cells by following the appearance of mRNA using nuclease S I protection assays.) The order of synthesis of the flagellar gene products reflects the order of assembly of the structure. The basal body proteins are the first assembled, and their genes are the first to be expressed (Hahnenberger & Shapiro, 1987; Hahnenberger & Shapiro, 1988) . The hook protein is synthesized and assembled next (Sheffery & Newton, 1981) , followed by flagellin synthesis and filament assembly. In both C. crescentus (Champer et al. 1987 ) and E . coli (Komeda, 1982) the genes that encode the flagellar components and their accessory regulatory proteins are organized in a regulatory hierarchy that ensures their ordered expression. The fact that the components of a complex cellular structure are expressed in an ordered fashion and that their expression is highly controlled, suggests that the building process requires the presentation of each component as needed. It may be that the simultaneous appearance of all the flagellar components would result in chaos and would preclude ordered assembly.
How do the individual components get to the site of assembly? Analysis of one of the flagellins, the 29K ( K = 103A/r) flagellin product of f lg j, has shown that it is synthesized prior to cell division and is segregated to the daughter swarmer cell (Loewy et al. 1987) . Since the flagellins are components of the filament, an obvious mechanism for segregation could rely on their assembly into the flagellum that forms in the predivisional cell. If this is true, then flagellin segregation would require hook and filament assembly. To test this, we studied 29K flagellin segregation in wild-type cells and in mutants unable to assemble either a hook or a filament. We found that in wild-type cells, newly synthesized 29K flagellin, pulse-labeled with [35S] methionine, is chased into the swarmer but not into the stalked cell progeny. This asymmetric distribution also occurs in mutants unable to assemble a flagellum (Loewy et al. 1987) . Therefore, the active incorporation of flagellin protein into the structure during the assembly process does not appear to be required for segregation to the correct progeny cell. Alternately, the protein might carry a signal that would facilitate binding to a specific site at the cell pole. To ask whether the 5' regulatory region of the f l g j gene, or the protein product itself, is critical for segregation, we constructed a chimeric gene containing the 5' region of f l g j and a promoterless neo reporter gene. The reporter gene in this experiment serves as a transcription probe because the junction site of f l g j and neo has translation stop signals in all three reading frames. The product of the neo gene is neomycin phosphotransferase II (N PT II). We found that the synthesis of N PT II, driven by the f l g j promoter, occurred at the correct time in the cell cycle, but that it was not segregated to the progeny cells in a specific manner (Loewy et al. 1987) . Therefore, the signals for temporal control reside in the 5' regulatory region of the f l g j gene and the signals for proper segregation reside in the protein. It is therefore possible that an amino acid sequence in the positioned protein is responsible for correct segregation and that the site on the cell that 'sees' this amino acid sequence cannot be the hook or the filament, but must be a receptor at or near the position of flagellar assembly. This 'receptor' might be established at the site of cell division, because it is this site in both the swarmer and stalked cell that ultimately bears the flagellum. This site is shown as filled triangles in Fig. 3 .
The flg K gene, encoding the 25K flagellin, appears to utilize another (or an additional) mechanism for the localization of flagellar proteins. Milhausen & Agabian (1983) reported that flg K mRNA segregated to the progeny swarmer cell upon cell division, suggesting that mRNA segregation may contribute to the localization process. In support of this, we have analyzed a transcription fusion between flg K and (From Shapiro, 1985.) a lux reporter gene. T h e lux gene products are easily assayed by measuring photon emission per cell number. We found that the lux activity was preferentially located in the swarmer cell following division and that this occurred in the presence of rifampicin. T h is drug inhibits the synthesis of RN A; thus the flgK-lux chimeric m RN A is segregated to the swarmer cell. In addition, we have observed that the N P T II protein encoded by a chimeric m RN A containing a portion of the Hook operon (Ohta et al. 1985 ) and a promoter-less neo gene, continues to be synthesized in the daughter swarmer cell in the presence of rifampicin (Champer, Reuter & Shapiro, unpublished) . No N P T I I synthesis was detected in the daughter stalked cell. These results suggest that the chimeric m RN A driven by the Hook operon promoter was sequestered to the swarmer cell following its synthesis in the predivisional cell. Rifampicin-sensitive synthesis of the Hook operon-weo-chimeric m RN A began at the correct time in the cell cycle in the predivisional cell, confirming that timing is controlled by the 5' regulatory region (Champer et al. 1987) .
T h e Hook operon -neo transcription fusion results from the insertion of a promoter-less neo gene in the final gene in the operon, flaK, which encodes the structural gene for the hook protein. Normally, flaK is not expressed in the swarmer cell. However, N P T I I , encoded by the Hook operon chimeric gene, was detected in the swarmer cell. Chen et al. (1986) have shown that a null mutation in flaK causes the over-production of Hook operon m RN A . Thus, high-level expression of the chimeric mRNA resulted in increased synthesis of N PT II and facilitated its detection in the swarmer cell. The segregation of the flgK-lux or the Hook operonneo chimeric mRNA could result if transcription of the gene came from only one of the newly replicated chromosomes in the predivisional cell: the chromosome that resides in the incipient swarmer cell portion of the cell. Cell division would then result in segregation of the transcript to the swarmer cell progeny. Alternatively, the mRNA could be transcribed from both chromosomes, but migrate to the incipient swarmer cell portion of the predivisional cell, either because of the nascent polypeptide chain or because of properties inherent to the RNA itself.
Biogenesis of the chemotaxis apparatus
Motile bacteria are able to sense and respond to changes in their environment by altering swimming behavior. Changes in the direction of flagellar rotation, which dictates the swimming pattern, are mediated by specific chemoreceptors: methylaccepting chemotaxis proteins (MCPs). The MCPs are integral membrane proteins that can bind attractants and repellents. Adaptation to a chemical stimulus is correlated with a change in the pattern of méthylation of MCPs (Silverman & Simon, 1977; Springer et al. 1977) . The soluble enzymes involved in this méthylation process are a methyltransferase, the product of the cheR gene, and a methylesterase, the product of the cheB gene (Gomes & Shapiro, 1984; Ely et al. 1986 ). The MCPs, the methyltransf erase, and the methylesterase are synthesized in the predivisional cell coincident with the synthesis of the 25K flagellin (Gomes & Shapiro, 1984) . In vivo reconstitution experiments with cellular components isolated from cells at different stages of the cell cycle demonstrated that methyltransferase activity is present only in flagella-bearing cells and that membranes from stalked cells cannot be methylated (Shaw et al. 1983) . The methylesterase activity is also only present in flagellated cells. Thus, the biochemical machinery that mediates chemotaxis is synthesized and assembled only when the cell has the structural ability to respond to a chemotactic signal.
Pulse-chase experiments with 14C-labeled amino acids and immunoprécipitation of extracts of labeled cells with specific antibodies showed that the MCPs methylester ase and methyltransferase are synthesized only in the predivisional cell ( Fig. 1 ) yet all three proteins are found in the daughter swarmer cell (Gomes & Shapiro, 1984) . How do these chemotaxis proteins make their way to only one of the two progeny cells? Among the possible mechanisms are: (1) the proteins synthesized in the predivisional cell are equally partitioned to both daughter cells but are selectively turned-over in the stalked cell. This is unlikely to be the case, since mixing experiments showed that stalked cell extracts have no effect on MCP, methyltrans ferase, or methylesterase activity in swarmer cell extracts (Gomes & Shapiro, 1984) ; (2) the apparent partitioning of newly synthesized proteins might be the result of compartmentalization of the cell before synthesis. However, electron microscopy of sectioned cells has never revealed any subcellular compartmentalization; (3) upon synthesis in the predivisional cell, the three proteins may be segregated to the swarmer cell. T his could happen by virtue of localization to sites at the incipient swarmer cell portion of the predivisional cell and then partitioning to the daughter swarmer cell upon division. If this is true, then several questions must be considered: where are the sites in the predivisional cell that receive these proteins? How are soluble enzymes such as methylesterase and methyltransferase 'localized' to a portion of a single cell? How are these newly synthesized proteins targeted to a specific location in the predivisional cell?
With respect to the first question, one possible site is the flagellum itself. Because the flagellum is assembled at the 'swarmer pole' of the predivisional cell, the flagellar basal body itself might contain the MCPs and thus accept methyl groups. This would then also be the location of the substrate for the methyltransferase and the methylesterase. However, in both C. crescentus (Nathan et al. 1986 ) and E . coli (Hilman et al. 1974; Silverman & Simon, 1977) this has been shown not to be the case.
In order to localize the chemotaxis proteins within the predivisional cell, flagellated and non-flagellated membrane vesicles were prepared from predivisional cells, fractionated by immuno-affinity chromatography using anti-flagellin antibody (Huguenel & Newton, 1984) and assayed for the presence of newly synthesized MCPs (Nathan et al. 1986 ). These experiments clearly showed that the newly synthesized MCPs are located preferentially in the incipient swarmer cell portion of the predivisional cell. This conclusion is based on the observation that 3H-labeled MCPs in the predivisional cell are recovered specifically from large membrane vesicles that are flagellated and are therefore derived from the 'swarmer' portion of this cell.
A possible explanation of the apparent partitioning of the soluble methyltransfer ase and methylesterase to the daughter swarmer cell is that upon synthesis they bind to their substrate, the integral membrane proteins (MCPs). Since the MCPs are localized to one portion of the cell in an apparent gradient from the flagellum at the pole out to the rest of the swarmer portion of the predivisional cell (Nathan et al. 1986 ), the soluble enzymes might become loosely membrane-associated and segre gate to the swarmer cell while associated with the MCPs.
We are left then with determining how the MCPs are targeted to one portion of the dividing cell. As was considered above for the localization of the flagellar proteins, it may be that transcription of the genes encoding the MCPs occurs from only one of the newly divided chromosomes: the chromosome residing in the 'swarmer' portion of the predivision cell. Perhaps the physical constraints on the two chromosomes differ, and variation in sites available for transcription help discriminate among the genes to be expressed at any given time. Because transcription and translation are coupled, the immediate incorporation of the translation product (MCPs) into the cell membrane would ensure its localization to one portion of the cell.
Differential transcription of the two chromosomes may result from differences in their physical properties. Since chromosome replication is a required precedent to flagellar biogenesis (Osley & Newton, 1980) it may be that changes in chromosome structure or configuration exert an influence on the expression of developmentally regulated genes. It has been shown that chromosome replication in C au lobacter gives rise to nucleoids that differ in their rate of sedimentation through sucrose gradients (Evinger & Agabian, 1977 . The nucleoid with the larger sedimentation coefficient is found in the swarmer cells; as the swarmer cell makes the transition into a stalked cell, the sedimentation coefficient of the nucleoid decreases. This change in sedimentation rate may be due to a decrease in chromosome superhelicity or it might be an inherent property of the replicating chromosome. Fluctuations in the degree of negative superhelicity can be accomplished by alterations in the expression of DNA gyrase or topoisomerase I, or changes in the binding and/or expression of histonelike proteins (analogous to HU proteins or integration host factor E . coli). The changes in expression of these proteins may be an a priori requirement for DNA replication, or are perhaps the result of the replication process itself.
Gross changes in DNA tertiary structure have been shown to influence the expression of bacterial genes (Horwitz & Loeb, 1988) . It has been shown in E . coli that the relaxation of chromosome superhelicity by the DNA gyrase inhibitor, coumermycin A, affects the expression of 10-20 % of genes when assayed by fusing a promoter library to a reporter gene (Menzel & Gellert, 1987) . Thus, DNA superhelicity is a possible candidate for influencing the coordinated expression of globally regulated groups of genes, such as those that are components of the C au lobacter developmental program. An implication of this scheme then, is that localization of transcripts is dependent on their timing of expression. For example, only genes expressed late in the cell cycle, such as the Hook operon and the flagellin gene flg K , would have transcripts localized to the incipient swarmer cell. Evidence supporting this possibility has been reported for the 25K flagellin gene, flg K (Milhausen & Agabian, 1983; Gober, Champer & Shapiro, unpublished) , and has been observed for a reporter gene inserted in fla K , the gene encoding the hook protein (Gober & Champer, unpublished) . However, a flagellin gene expressed early in the cell cycle, such as flg j, would not have its mRNA localized. In fact, in this case the protein itself has been shown to be a determinant of positioning (Loewy et al. 1987 ).
Segregation of heat-shock proteins
The segregation pattern of the flagellar and chemotaxis proteins allows an analysis of proteins targeted to the swarmer cell progeny. However, this is only half the story. It is equally important to understand the either/or decision process which would target some proteins to the swarmer cell and others to the stalked cell. To do this, it is necessary to identify proteins that segregate to the stalked cell, so that their regulatory signals can be compared to those specific for the swarmer cell. We have recently found that a subset of C. crescentus heat-shock proteins are segregated to the progeny stalked cell. A summary of the segregation pattern of flagellar proteins, chemotaxis proteins, and heat-shock proteins is shown in Fig. 4 .
Antibodies raised against the E . coli heat-shock proteins Lon and DnaK immunoprecipitate C. crescentus homologs (Reuter & Shapiro, 1987 Chromosomes are shown diagrammatically within the cells. The functions specific to the progeny swarmer cell and the progeny stalked cell are listed. (From Reuter & Shapiro, 1987.) experiments were performed in which predivisional cells, labeled with [35S]methio nine, were allowed to divide and then proteins in separated swarmer and stalked cell populations were immunoprecipitated with antibody to several different heat-shock proteins (Fig. 5) . The Lon and DnaK proteins segregated to the stalked cell while another heat-shock protein, GroE, partitioned equally to both cells and served as an internal control. Also shown in Fig. 5 is an experiment in which anti-flagellin antibody was used to immunoprecipitate the flagellins. The 25K flagellin A and the 27-5K flagellin B were chased specifically to the swarmer cell upon division. The specific segregation pattern of two heat-shock proteins to the stalked cell might reflect their function in that cell, as is the case for the components of the flagellum and the chemotaxis functions in the swarmer cell. The specific segregation of the Lon and DnaK proteins occurred under both normal and stress conditions. A major physiological difference between the stalked and swarmer cell progeny that might account for this cell-type segregation is that the initiation of DNA replication occurs only in the progeny stalked cell (Degnan & Newton, 1972; Evinger & Agabian, 1979; Iba et al. 1977) . Perhaps the DnaK protein is targeted to the portion of the predivisional cell that will become the stalked cell, where it joins the DNA initiation Fig. 5 . Pulse-chase experiments in which predivisional cells were pulse-labeled with [ S]methionine immediately after a shift from 30°C to 42°C. T he cells were then washed, resuspended in fresh medium, and allowed to divide. Progeny swarmer (Sw) and stalked (St) cells were separated and the proteins immunoprecipitated from cell extracts with antibody, as shown. (From Reuter & Shapiro, 1987.) complex and then partitions to the stalked cell upon division. However, segregation still occurred when the DnaK concentration was increased ten-fold by exposure to heat shock. Therefore, stoichiometric complex formation is an unlikely explanation for specific segregation in this case. In an effort to define those portions of the gene that carry the information for targeting, we have cloned the d n a K gene from C. crescentu s.
Conclusion
The targeting of select groups of proteins to either one or the other cell progeny at each C au lobacter cell division apparently depends on the asymmetric distribution of gene products in the predivisional cell. The products of f l a and che genes are destined to the swarmer cell, and the products of at least two heat-shock genes, d n a K and Ion, are segregated to the stalked cell. At least two distinct mechanisms are used to accomplish these segregation patterns. In some cases, i.e. the 29K flagellin and the MCPs, the protein product is targeted to the incipient swarmer cell portion of the predivisional cell. These positioned proteins are consequently segregated to the progeny swarmer cell upon division of the parent. This segregation can be accomplished in the absence of flagellar biogenesis, suggesting that localized receptors, other than the structure in the process of assembly, recognize and bind some f l a and che gene products. We do not yet know the mode of segregation of the two heat-shock gene products to the stalked cell. In other cases, i.e. the 25K flagellin and the Hook operon-neo chimeric genes, the mRNA appears to segregate to the progeny swarmer cell. The process used to localize these mRNAs is not known. Many of the genes encoding targeted protein or mRNA have been cloned and sequenced. This allows us to now create chimeric genes carrying the 5' portion of genes whose products are normally segregated to the swarmer cell and the 3' portion of genes whose products are destined for the stalked cell, and vice v ersa, in an effort to define those portions of the gene that carry the information for targeting.
